Antisera were raised in rabbits against ribosomal proteins of Methanobacterium bryantii and used to analyze immunological relationships to ribosomes from other archaebacteria, from eubacteria, and from yeasts. Cross-reaction could be detected within the methanogens and with a member of the extreme halophiles; the degree of immunological similarity reflected the relationship delineated by 16S ribosomal ribonucleic acid oligonucleotide analysis (Fox et al., Science 209:457-463, 1980 , 0.5% yeast extract, 0.5% glucose, 0.5% NaCl). R. sphaeroides was cultivated photosynthetically in a medium containing 2.5 g of malic acid, 1.2 g of NH4CI, 0.2 g of MgSO4, 0.07 g of CaCl2.2H20, 0.9 g of K2HPO4, 0.6 g of KH2PO4, 0.5 g of yeast extract, and 8 ml of the SL6 trace 282 on October 28, 2017 by guest
Antisera were raised in rabbits against ribosomal proteins of Methanobacterium bryantii and used to analyze immunological relationships to ribosomes from other archaebacteria, from eubacteria, and from yeasts. Cross-reaction could be detected within the methanogens and with a member of the extreme halophiles; the degree of immunological similarity reflected the relationship delineated by 16S ribosomal ribonucleic acid oligonucleotide analysis (Fox et al., Science 209:457-463, 1980) . With the methods and the anti-total-protein sera employed, there was no detectable cross-reaction with ribosomal proteins or ribosomes from Sulfolobus sp., eubacteria, or yeast.
On the basis of the comparative analysis of oligonucleotide composition of 16S rRNA, a third evolutionary line of descent, that of the archaebacteria, has recently been proposed by Woese and collaborators (4) . This concept has raised considerable interest in the investigation of those cellular components in which the other two lines of descent, eubacteria and eucaryotes, differ, especially in the cell envelope (10) and in the transcriptional and translational apparatus (14, 24) . The ribosome deserves particular interest in this connection since many functional and structural differences exist between the eubacterial 70S and the eucaryotic 80S particle (13) .
Whereas the ribosomal components of extreme halophiles are well characterized, there is a considerable lack of information on those from the other two archaebacterial groups, the methanogens and thermoacidophiles. An initial electrophoretic characterization has recently been carried out with ribosomal proteins from methanogenic organisms (3) . A striking difference found was that many more proteins migrate to the "acidic" side of the Kaltschmidt and Wittmann (9) two-dimensional gel electrophoretic system than do eucaryotic or eubacterial ribosomal proteins. This in general more acidic nature reflects the relationship between extreme halophiles and methanogens as delineated by 16S rRNA sequence studies (4) .
In (22) . The suspended cells were broken by passage through a French press cell, and the extracts were clarified by two consecutive centrifugations, first at 10,000 x g for 10 min and then at 30,000 x g for 30 min (S30 extract).
The S30 extracts (except those from halobacteria and Sulfolobus sp.) were diluted with an equal volume of TMNSH buffer containing 1 M NH4Cl and layered on top of a twofold volume of a 30% sucrose solution made up in TMNSH, with an NH4Cl concentration of 0.5 M. The ribosomes were sedimented through this cushion by a 3-h centrifugation at 50,000 rpm (60 Ti rotor). The ribosomal pellet was rinsed with and taken up in a small volume of the respective buffer. Aggregates were removed by a 10-min centrifugation at 30,000 x g; after measurement of the absorbance at 260 nm, the ribosomal suspensions were frozen and stored at -70°C. 70S ribosomes from Sulfolobus sp. prepared in this way were grossly contaminated, possibly by the cell wall lipoprotein fraction (23) . To obtain a reasonably pure 70S fraction in this case, about 300 to 400 A260 units (1 unit corresponds to the amount of material in 1 ml giving an absorption at 260 nm of 1.0) of S30 in TMKSH buffer (see above) were layered on linear 10 to 30% sucrose gradients made up in TMKSH buffer with 0.5 M NH4Cl and centrifuged for 60 min at 40,000 rpm in a VTi 50 rotor. The 70S material was then sampled.
For preparation of ribosomal subunits, the 70S ribosomes were first dissociated by dialysis against TMNSH buffer, with the Mg2+ concentration being 1 mM. Subunits were then separated by three consecutive centrifugations in a 10 to 30% linear sucrose gradient in a VTi 50 rotor. Then 90 to 100 A26, units of 70S ribosomes were loaded onto each gradient; centrifugation was for 80 min at 40,000 rpm. Other details of the procedure were as described previously (3). Ribosomal proteins were extracted from ribosomes and ribosomal subunits as described by Hardy et al.
(6).
Immunological procedures. (i) Preparation of antisera. The time scheme of immunization was essentially identical to that described by Hennecke et al. (7) . Two rabbits each were immunized with 120 A260 units of 30S or 50S ribosomal subunits from Methanobacterium bryantii. Before injection, the antigens were mixed in a 1:1 (vol/vol) ratio with Freund adjuvant; the complete form of adjuvant was used in the first three injections, and the incomplete form was used for the booster injection. Blood was collected from the ear vein of the animals before and after immunization, and the sera were prepared as described previously (7) . The anti-30S sera and the anti-50S sera were then mixed in a 1:1 (vol/vol) ratio and used for the preparation of a crude immunoglobulin fraction by three consecutive ammonium sulfate precipitation steps (33% saturation at room temperature, pH 8.0). The sediment of the last precipitation step was taken up in one-fourth of the original volume (1 mM potassium phosphate buffer [pH 8.0] containing 0.9% NaCl).
For the immuno-double-diffusion experiments, the immunoglobulin G fraction was isolated. For this purpose, 10 ml of the crude immunoglobulin preparation was first dialyzed overnight against 5 liters of 0.1 M Tris-chloride, pH 8.0, and then chromatographed on a Sephadex G-150 column (7 by 40 cm). The peak containing immunoglobulin G was pooled, dialyzed against 1 mM potassium phosphate buffer, pH 8.0, and lyophilized. The protein was then taken up in 1 ml of 0.9% NaCl, centrifuged to remove any undissolved material, and used for the immunodiffusion experiments.
(ii) Immuno-double-diffusion. Immuno-doublediffusion experiments were carried out as described by Ouchterlony (16) with the modifications necessary for analysis of ribosomal proteins. The purified immunoglobulin G fraction was used. The plates contained 1.5% agarose in Veronal buffer (pH 8.6)-0.75 M LiCl-1 mM NaN3 (20, 21) . They were incubated for 24 to 48 h at 4°C, and the precipitin lines were photographed, using a circular light source.
(iii) Quantitative immunoprecipitation. Quantitative immunoprecipitation experiments were performed by the procedure developed by Geisser et al. (5) . The crude immunoglobulin fraction was employed, and controls were run with the antibodies alone, the antigens alone, or the antigens together with the nonimmune serum. The quantitation of the precipitate was done by protein measurement with the Folin phenol reagent (11) or by RNA determination as described by Schneider (18 
RESULTS
Antibodies were raised in rabbits against 30S and 50S subunits of ribosomes from Methanobacterium bryantii and pooled to an anti-70S serum. Cross-reaction was then tested with ribosomal proteins from various other archaebacteria, from several eubacteria, and from Saccha- Fig. 1A and B) . Although it is difficult to judge, there seems to be no major spur formed between Methanosarcina barkeri and Methanococcus vannielii precipitin lines. There was no reaction of the antibodies directed against Methanobacterium bryantii ribosomes with ribosomal proteins from S. cerevisiae, S. acidocaldarius, or E. coli under conditions in which proteins from the extreme halophile H. halobium were reacting (Fig. 1C) . Figure 1D , finally, demonstrates that the cross-reaction with Methanosarcina barkeri ribosomal proteins was mainly due to reaction with 50S and not 30S determinants.
(ii) Quantitative immunoprecipitation. Figure 2A and (iii) Modified immunoelectrophoresis on cellulose acetate. To study whether the interactions obtained in the immunodiffusion and immunoelectrophoresis experiments were specific, ribosomal proteins were separated by electrophoresis on cellulose acetate strips and stained after immunofixation (Fig. 3) . Distinct bands were obtained with Methanobacterium formicicum, Methanobacterium thermoautotrophicum, Methanobrevibacter arboriphilus, Methanosarcina barkeri, and Methanococcus vannielii. Total 70S protein from Sulfolobus acidocaldarius contained a reactive protein migrating close to the sample application site. The following evidence, however, indicated that this was due to the fact that the Sulfolobus preparation contained a "sticky" protein which was not washed from the cellulose acetate after the immunofixation step: (i) this band was not visible when 30S and 50S subunit protein was used instead of 70S total protein, and (ii) it was visible on control electropherograms, i.e., on cellulose\ acetate strips which had not been treated with-, antiserum.
On the other hand, 30S and 50S ribosomal proteins from Methanosarcina barkeri displayed at least one immunoreactive band on the electropherogram, which indicates that a specific interaction had taken place in immunodiffusion and immunoprecipitation.
Comparison of the pKi values of ribosomal proteins from archaebacteria. One of the characteristics of the ribosomal proteins from methanogenic organisms is that they generally are more acidic than those from eubacterial ribosomes, as judged by their migration in the Kaltschmidt and Wittmann (9) electrophoretic system (3, 15) or by sequence analysis of the "A" protein (13) . A parallelism was observed between the number of proteins migrating to the acidic side on Kaltschmidt and Wittmann gels and the degree of 16S rRNA relatedness between methanogenic bacteria and halophiles (3), which might be a reflection of the relatively close phylogenetic relation between one group of the methanogens and the extreme halophiles (12) . The actual range of isoelectric points, however, has not been determined. To this end, the relative mobility of 70S ribosomal proteins from archaebacteria, eubacteria, and Saccharomyces sp. was analyzed by cellulose acetate electrophoresis (Fig. 4) (2) , P. aeruginosa (3), R. sphaeroides (4), Streptococcus faecalis (5), C. butyricum (6) , Methanosarcina barkeri DSM 800 (7), Methanosarcina barkeri DSM 1232 (8) , Methanospirillum hungatei (9) , Methanobacterium formicicum (10) , Methanobacterium thermoautotrophicum (11) , Methanococcus vannielii (12), Saccharomyces cerevisiae (13) , E. coli (14) , Methanobacterium bryantii (15), Methanobrevibacter arboriphilus (16) , Sulfolobus acidocaldarius (17), H. halobium (18) , and H. cutirubrum (19) 70S ribosomes from Methanobacterium bryantii and ribosomes from Methanobacterium bryantii is taken as 100, and the precipitates in the heterologous systems are taken as fractions thereof The dendrogram is based on the assumption that the number of antigenic determinants on ribosomes saturable by antibodies is a reflection of phylogenetic distance. The dendrogram also is based on experiments in which there was no cross-reaction of antiserum against Methanosarcina barkeri ribosomes with ribosomes from the other species listed in the dendrogram (unpublished data).
Methanosarcina barkeri ( Fig. 1 and 3) .
A caveat connected with an immunological analysis of this kind is the possibility of contamination of the antigen preparation, which can never be ruled out completely since the contaminant may possess much higher antigenicity than the molecules under investigation. Support for the specificity of interaction measured here, however, is brought about by the fact that RNA measurements (not shown) of the precipitate quantitatively paralleled the protein determinations and that analysis of three-times-purified subunits confirmed the results obtained with 70S ribosomes.
